1. Introduction {#sec1-sensors-18-01842}
===============

Due to the short range of alpha particles in air (approximately 5 cm depending on energy), detectors which require direct interaction to detect alpha radiation are required to be operated in very close proximity to any surface under examination. This means that detection of alpha-emitting contamination is time-consuming and places personnel in close proximity to potentially hazardous materials, including the possibility of exposure to a mixed radiation field as is found in many real world nuclear environments.

As alpha particles travel, they transfer energy to and ionise the air. The relaxation from this excited state causes the emission of optical photons. These photons have a much greater mean free path than the original alpha particle and hence provide a possible opportunity for stand-off alpha detection. This radioluminescence is mainly in the 300--400 nm wavelength range \[[@B1-sensors-18-01842],[@B2-sensors-18-01842]\]. However, in this range, there is much interference from background light, either from the sun or from indoor lighting, making the detection of this radioluminescence problematic. Stand-off detectors trialled to date have usually operated in darkness or special lighting conditions \[[@B1-sensors-18-01842],[@B3-sensors-18-01842],[@B4-sensors-18-01842],[@B5-sensors-18-01842],[@B6-sensors-18-01842],[@B7-sensors-18-01842],[@B8-sensors-18-01842],[@B9-sensors-18-01842],[@B10-sensors-18-01842]\].

Other work has looked at the emissions in the UVC (ultra violet C) wavelength range (180--280 nm), which although lesser in intensity has much lower background levels with which to contend. UVC from the sun is mainly stopped in the atmosphere, meaning little reaches the surface of the earth, and UVC is generally not emitted by indoor lighting as it can be hazardous to eyes and has no practical benefit as it is well outside of the visible light spectrum \[[@B11-sensors-18-01842]\]. This has meant that stand-off alpha detection in the UVC wavelength range has been investigated with some positive results for detection in daylight conditions \[[@B12-sensors-18-01842],[@B13-sensors-18-01842]\].

In light of the low signal intensity of UV, and especially UVC photon emissions even from a relatively active alpha source, a means to enhance the signal could reduce the burden on any detector system in terms of how sensitive it would be required to be to detect alpha-induced radioluminescence in field operation. This would provide a better chance of detecting a low activity source or in bright daylight conditions, and to this end, research has been carried out into the effect of a gas atmosphere on the level of radioluminescence, including in the UVC wavelength range. [Section 2](#sec2-sensors-18-01842){ref-type="sec"} looks at previous research to date, with the remainder of sections detailing the results of recent experiments using a flow of gas.

2. Gas Atmosphere Influence on Radioluminescence Spectrum and Yield {#sec2-sensors-18-01842}
===================================================================

Nitrogen makes up approximately 78% of the composition of air and is the main cause of radioluminescence in a dry air atmosphere. The other main constituent of air, oxygen at approximately 21%, has been shown to quench radioluminescence \[[@B14-sensors-18-01842],[@B15-sensors-18-01842]\]. The remainder comprises small proportions of other gases (approximately 1% argon, 0.04% carbon dioxide, and fractional quantities of neon, helium, methane, and other gases). To determine if changes in the atmosphere surrounding an alpha source have an effect on the radioluminescence yield, experiments using a purged gas atmosphere have been carried out.

Some researchers have compared the alpha-induced radioluminescence readings of two PMTs in an N~2~ atmosphere, one sensitive in the 160--650 nm wavelength range, the other 300--650 nm, and found little difference between the two \[[@B14-sensors-18-01842]\]. From this they concluded that N~2~ radioluminescence occurs mainly in wavelengths of above 300 nm. This held true for N~2~, dry air, O~2~, carbon dioxide (CO~2~) and methane (CH~4~) atmospheres. O~2~, CO~2~, and CH~4~ produced significantly less radioluminescence then N~2~ and dry air and quench radioluminescence when mixed with N~2~ due to the excited states of these gases not decaying through the emittance of photons. The amount of quenching depends on the composition of the secondary gas and the percentage of that gas, as can be seen by decreases in the radioluminescence yield in an N~2~/O~2~ atmosphere when the percentage of O~2~ is increased. In an N~2~ atmosphere, there is however less oxygen quenching on the NO lines, which are in the UVC wavelength range \[[@B15-sensors-18-01842]\].

Although this increase in radioluminescence due to N~2~ takes place mainly in the ultra violet A and ultra violet B (UVA and UVB) regions (300--400 nm), other gases have the potential to fluoresce in the UVC wavelength range, and these may prove beneficial in detecting alpha particles through UVC photon emissions. There are difficulties in examining luminescence of rare gases due to them fluorescing in the Vacuum Ultraviolet (VUV, 10--200 nm) wavelength region \[[@B16-sensors-18-01842]\]. However, several of these gases also fluoresce in the UVC wavelength region, albeit not as strongly.

Argon has been shown to luminesces in the VUV and UVC wavelength region, in three distinct wavelength bands, with maxima at 130, 180, and 220 nm \[[@B17-sensors-18-01842]\]. The 220 nm peak can be seen in [Figure 1](#sensors-18-01842-f001){ref-type="fig"}, which also shows the peaks in the UVA and UVB wavelength ranges.

The highest intensity of these maxima was found to be 220 nm, with 180 nm the lowest, although the 180 nm band was less easily quenched, and the intensity of radioluminescence was less dependent on pressure. The 220 nm Ar peak value of 45 (in arbitrary units) is greater than the 236 nm peak produced by N~2~, which reached only 32 (in arbitrary units). Increasing the pressure of an Ar atmosphere (between 0.07 and 2.63 atm) leads to an increase in radioluminescence in the 170--280 nm wavelength range, with this being more rapid between 200 and 280 nm.

However, others found an Ar atmosphere fluoresced with a distinct peak at 127 nm, with no other peaks in the 115--300 nm range, but a small, gradual rise between 200 and 270 nm \[[@B16-sensors-18-01842]\], although this has been seen to peak at approximately 250 nm before starting to decline \[[@B15-sensors-18-01842]\]. They identified the VUV peak as due to the recombination of ions with electrons, which in their later work they determined produced one VUV photon per recombination \[[@B18-sensors-18-01842]\]. They suggest that in the 200--270 nm region radioluminescence is due to the third continuum, and that the mechanism of this has as yet no satisfactory explanation. They also found peaks of 150 nm for Kr and 175 nm for Xe, just outside the UVC range, with a Gaussian distribution of width 13 nm and 15 nm (FWHM) respectively. The Ar 127 nm peak also had a Gaussian distribution with a width of 11 nm (FWHM). They also examined the travel of an alpha particle in different gases and calculated the range of alpha particles is approximately 48 mm in Ar, 34 mm in Kr and 25.2 mm in Xe \[[@B16-sensors-18-01842]\]. They also discovered that increased pressure led to an increase in recombination radioluminescence, and that this was greater in Xe than in Ar or Kr.

In alpha-induced ionisation within gases, the average energy per ion pair was found to be due to the stopping power of the gas and independent of alpha particle energy for hydrogen, helium, N~2~, Ar, and nitrous oxide \[[@B19-sensors-18-01842],[@B20-sensors-18-01842]\]. Others found that the average energy value per ion pair in Ar for alpha particles of different energies was consistent for particles over 5 MeV \[[@B21-sensors-18-01842]\]. This would suggest that the gas medium rather than alpha energy is more important in determining radioluminescence wavelength and therefore is relevant in potentially increasing radioluminescence intensity in the UVC wavelength range.

Kerst et al. investigated the effect of N~2~ on radioluminescence in the UVC wavelength range \[[@B22-sensors-18-01842]\]. They tested a ^210^Po source in an N~2~ purged atmosphere and found increased radioluminescence in the sub 300 nm wavelength range due to an increase in nitric oxide (NO) luminescence. Alpha emitters in air produce electronically excited nitric oxide molecules, and the presence of N~2~ enhances this radioluminescence to detectable levels \[[@B22-sensors-18-01842]\].

Although Ar is readily available at nuclear facilities and certainly fluoresces in the UVC wavelength region, it may be more beneficial to consider an alternative which produces a significant peak in a wavelength more suited to existing UVC detectors---for example the UVTron which has a wavelength detection range of 185--260 nm. Xe peaks at a higher wavelength than Ar and may be more suited to UVC detection enhancement.

3. Materials and Methods {#sec3-sensors-18-01842}
========================

Based on the prior research laid out in [Section 2](#sec2-sensors-18-01842){ref-type="sec"}, an experiment was devised which would test the effect of different gases on alpha-induced radioluminescence in a method which could potentially be used in the field. As a flow over the source does not depend on a purged gas atmosphere, it may be more suited to a wider application in the field, where the contamination could be in a large space or spaces containing personnel. A flow of gas within a purged atmosphere when researching the use of protons to excite gases has been found to be preferable to a static atmosphere as it increases the intensity of the radioluminescence \[[@B23-sensors-18-01842]\]; hence, the use of a flow is not unprecedented for research in this area.

Five noble gases were selected for the tests; N~2~, Xe, Ne, Kr, and Ar. These were selected as the most likely to fluoresce in the UVC wavelength range. The results can also be compared to previous research which was carried out with several of the gases. P-10 (90% Ar, 10% methane) was also tested as this gas mixture is utilised for its ionising properties.

Experiments were carried out at the National Physical Laboratory in Teddington, Middlesex. The set up for the experiments was as follows (see [Figure 2](#sensors-18-01842-f002){ref-type="fig"}).

A sealed ^210^Po source with activity of 6.95 MBq (at time of experiment, 29 August 2017) was placed inside a black Perspex box of dimensions 260 × 234 × 230 mm (see [Figure 3](#sensors-18-01842-f003){ref-type="fig"}). ^210^Po was selected for the experiments as it decays through alpha emission only and therefore produces negligible other emissions to affect the sensor reading. The box has a 75 × 75 mm window of 2 mm thick synthetic fused silica (Spectrosil©). Fused silica is preferable to ordinary glass as it allows UVC to pass with minimal attenuation (less than 10%) \[[@B24-sensors-18-01842]\]. This window also prevented alpha particles being directly incident on the sensor. A lid was placed on top of the box at the commencement of and throughout each experiment to prevent the fume hood extractor system from removing the gas before it reached the source. The chamber was not gas tight, and some loss/exchange of gas would have occurred.

The UVTron sensor was placed outside of the box approximately 20 mm from the source (see [Figure 3](#sensors-18-01842-f003){ref-type="fig"}). The UVTron (R9533, Hamamatsu Photonics, Hamamatsu, Japan) is sensitive in the 185--260 nm range. It is designed to detect flames or corona discharge but has been verified in its use as a sensor to detect alpha-induced air radioluminescence and has a very low background count in laboratory lighting conditions \[[@B13-sensors-18-01842]\]. The UVTron was used with the off-the-shelf driver circuit (C10807, Hamamatsu Photonics, Hamamatsu, Japan) which both powers the UVTron and conditions the output signal. An Arduino Uno was used to count the pulse outputs from the driver and relay this to the laptop. The driver outputs one pulse per incident photon, up to a maximum of 40 counts per second (cps). This is sufficiently fast for alpha radioluminescence counting for this source activity and separation distance, where less than 10 photons per second are incident on the detector within the wavelength range \[[@B13-sensors-18-01842]\]. The sensor has a peak sensitivity at approximately 210 nm, with an equal increase and decrease in sensitivity on either side of this wavelength between 185 and 260 nm, which are the limits of the wavelength range of the UVTron and therefore at which the sensitivity is 0.

The UVTron was used in these experiments for several reasons. It is solar blind and has a very low background count and so can be used in normal laboratory lighting without the need for filtering or other light-attenuating technology. It is a relatively low-cost, robust, off-the-shelf sensor suited to inclusion in a field operable detector and fitting with the experimental main aim of testing a system which may be more suited for field operations.

Gas was flowed over the source from close proximity in an air atmosphere using a small flexible pipe of 1 mm bore diameter (see [Figure 3](#sensors-18-01842-f003){ref-type="fig"}). At the end of the experiment, the lid was removed from the gas flow box and the fume hood extractor system was switched on to extract the gas. Following this, the pipes were purged with the new gas, and the flow was regulated, with a steady flow reading established before the next experiment was undertaken. The gases and flows are listed in the table below ([Table 1](#sensors-18-01842-t001){ref-type="table"}).

Group 1 experiments consist of those carried out and already reported on by Crompton et al. \[[@B13-sensors-18-01842]\].

4. Results {#sec4-sensors-18-01842}
==========

4.1. Background {#sec4dot1-sensors-18-01842}
---------------

In order to allow for any effect from background lighting, for each of the experimental sessions, a background count was taken. The experiment was set up as detailed in the above section but without the presence of the source. The background had been shown to be very low, with average cps of 2.2 ×10^−3^ ± 0.7 × 10^−3^ for group 1 \[[@B13-sensors-18-01842]\]. For groups 2 and 3, the background was 1.48 × 10^−3^ ± 0.53 × 10^−3^. The experiments were carried out in the same laboratory with standard commercial strip (fluorescent) lighting which remained on for the duration of all experiments. The experiments were conducted a number of weeks apart, and therefore differences such as location of the equipment, temperature, humidity etc. in the laboratory between the two dates is most likely the cause of the difference in the background recorded for groups 2 and 3 compared to those for group 1 \[[@B13-sensors-18-01842]\].

4.2. Air Atmosphere Results {#sec4dot2-sensors-18-01842}
---------------------------

The experiment was first carried out with the source in place in an air atmosphere to provide a baseline to compare the results of different gas flows. The gas flow experiments were carried out in three groups, and at the commencement of each, the count in air was taken for comparison. This was done to ensure that any changes in the position or orientation of the equipment could be allowed for in the comparison between the air and gas results. The counts in air were average cps of 0.3282 ± 0.0032 for group 1 \[[@B13-sensors-18-01842]\], 0.4106 ± 0.0107 for group 2, and 0.4503 ± 0.0028 for group 3.

4.3. Gas Flow Results {#sec4dot3-sensors-18-01842}
---------------------

The results of the gas flow experiments carried out on this occasion in comparison with those already reported \[[@B13-sensors-18-01842]\] are shown in [Figure 4](#sensors-18-01842-f004){ref-type="fig"} and [Figure 5](#sensors-18-01842-f005){ref-type="fig"}, and [Table 2](#sensors-18-01842-t002){ref-type="table"}. [Figure 4](#sensors-18-01842-f004){ref-type="fig"} shows the average cps for each of the gases for each of the three groups of experiments (note, not all gases were tested in all groups due to practical issues). [Figure 5](#sensors-18-01842-f005){ref-type="fig"} shows the increases for the different gases as compared to the air atmosphere, which are shown as percentages increase from the average air cps. [Table 2](#sensors-18-01842-t002){ref-type="table"} lists the data for further clarity.

As can be seen from [Table 2](#sensors-18-01842-t002){ref-type="table"}, the greatest increase was seen with a flow of Xe, which increased the radioluminescence between 52% and 105%, with an average over the three experiments of an 82.5% increase. Ne provided the next greatest increase, with an average of 39% over the two experiments, which was close to the average increase of Kr of 36%. P-10 gave the next greatest increase, averaging 33% over the two experiments, with Ar slightly lower than this at an average of 30%. P-10 gave the more stable result over the two experiments, with a difference of less than 0.7% between the two readings, giving it the second highest average in the group 1 readings.

Group 1 has the lowest increase across all gases in comparison to groups 2 and 3. This is most likely due to slight differences in the set-up---for example, the position of the gas flow pipe in relation to the source which may have affected the make-up of the atmosphere within the MFP of the alpha particles emitted from the source, for example by increasing quenching by oxygen.

5. Discussion and Conclusions {#sec5-sensors-18-01842}
=============================

From these results it can be seen that all the gases increased the radioluminescence detected to some degree. This is most likely due to the replacement of O~2~, which quenches radioluminescence, in the scintillation zone of the alpha particles.

The increase in the cps produced by a Xe atmosphere, especially as the detection rate may be as much as doubled, does indicate that the use of a flow of this gas could be useful in the development of an alpha detection system. As the alpha signal is low in the UVC wavelength range, but in light of this range having the least background interference, the enhancement of the signal could reduce the level of sensitivity required in a detection system. This may make more likely the development a stand-off alpha detector using UVC radioluminescence to indicate the presence of alpha contamination. It would require the engineering of a solution, which could be stand alone or utilise gas environments already found in some field conditions and could be part of a package of detection solutions, including such elements as lenses and bespoke, optimised electronics, which would make up the final detection system.

The increase in signal using a flow of Xe, which in all three groups of experiments increased the signal intensity by more than 50%, shows a much greater change than in any of the other gases. Saito et al. \[[@B16-sensors-18-01842]\] found a peak at a wavelength of 175 nm which is just under the 185 nm sensitivity range of the UVTron, but as the peak has a full width half maximum (FWHM) of 15 nm there may be sufficient overlap into the UVTron detectable range. The shorter travel of alpha particles in Xe (25.2 mm at atmospheric pressure) \[[@B16-sensors-18-01842]\] suggests that alpha deposits its energy closer to the alpha source. The main fluorescing area has been found to be within 10 mm of the alpha source \[[@B6-sensors-18-01842]\]. Hence, this shorter mean free path may be instrumental in increasing the signal intensity close to the source and therefore aid location of the source by the UVTron.

Over the duration of the experiments, which were carried out for no less than and approximately for one hour, there was little variation in the measured cps despite a likely accumulation of the flowed gas inside the box. This indicates that the flow method may potentially be as useful for increasing radioluminescence as a purged atmosphere. As the area around the source which produces the most radioluminescence is within 10 mm of the source itself \[[@B6-sensors-18-01842]\], hence it is the atmosphere in this area which most affects radioluminescence, which could conceivably be greatly modified by a flow of gas in the vicinity of the source, as these results would suggest.

Slight alteration in the set up due to removal and replacement of the equipment between experiment groups will account for some of the differences seen between the measurements for each of the gases, and hence an average percentage increase is included in [Table 2](#sensors-18-01842-t002){ref-type="table"}. This variation is likely due to minor differences in distance between or the angle of the sensor relative to the source, indicating that this set up is sensitive to small variations which would need to be addressed in any field operative detector system.

The relatively small increase seen in an N~2~ gas flow may seem in conflict with N~2~ purged atmosphere results where there is seen an increase in radioluminescence. This likely due to the UVC wavelength range and a possible lack of NO which has been shown to cause radioluminescence in the UVC wavelength range in an N~2~ purged atmosphere \[[@B22-sensors-18-01842]\]. The lack of NO produced by a flow as in comparison to a purge may be due to the lack of excited NO molecules being generated by the alpha particles in this circumstance.

Using Hurtgen et al.'s \[[@B25-sensors-18-01842]\] method of calculation, the limit of detection ( $L_{d}$) was determined. This method was used as it is specifically designed for detectors with a low or zero background count, which the UVTron has in normal lab lighting conditions. The limit of detection is independent of the signal count, depending only on the background level, and is determined with a confidence level of 95.45% (as advised by ISO, 1993) through the equation $$at~L_{d},~s_{net} = 2.86 + 4.78\sqrt{\left( {b + 1.36} \right)}$$ where $L_{d}$ = the limit of detection, $s_{net}$ is the net signal (gross signal minus background), and $b$ is the background count. For laboratory conditions, the limit of detection for these experiments was 17.4 net counts for the first set of experiment, and 15.3 net counts for the second and third sets of experiments for a count time of one hour (3600 s). The difference is due to small changes in background conditions, where the background counts averaged 7.9 and 5.4 counts, respectively, in 3600 s. As can be seen, the very low background count of the UVTron leads to a very low limit of detection in laboratory conditions. In comparison, the net counts with a source present ranged from 1223 counts in nitrogen to 3045 counts in xenon in one hour (3600 s). Based on the low detection limit, the system could easily be configured to alert for the presence of an alpha emitter based on a count rate above a set threshold, which is likely to be very low. As an example of the sensitivity of this sensor and off-the-shelf electronics, Hurtgen et al.'s \[[@B25-sensors-18-01842]\] method was used to calculate the lowest activity which could have been detected here. In air, the minimum activity at this distance is between 89 and 149 kBq, which is similar to nitrogen at between 82 and 144 kBq. Xenon as expected has the lowest limit of detection at an activity of 47 kBq in the second and third set of experiments. Although certain applications would find this limit alone beneficial, with the aforementioned use of optics, optimised electronics, collimation, and other elements of a detector system based on this sensor, this limit could be extended significantly. Therefore, the experiments carried out to date would suggest that gas flows could be useful in field conditions to increase the signal and make detection easier.

Through further experimentation, it may be possible to determine the mechanism for luminescence in the UVC region, the third continuum, which may throw light on which gases are more likely to provide a suitable radioluminescence yield in this region and possibly lead to a predictive model of which gases are likely to fluoresce in this region for further testing.
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![Radioluminescence spectrum of 100% argon. Figure reproduced from \[[@B17-sensors-18-01842]\].](sensors-18-01842-g001){#sensors-18-01842-f001}

![Schematic of equipment set up.](sensors-18-01842-g002){#sensors-18-01842-f002}

![Photograph showing the ^210^Po source inside the gas flow box (silver disk with mesh surface and yellow edge), with the gas flow pipe above and to the left. The UVTron (small glass bulb) is external to the box and is attached to the grey box in the foreground which houses the detector electronics.](sensors-18-01842-g003){#sensors-18-01842-f003}

![Showing the cps for each of the gas flows in each of the three experiment groups (note: not all gases were tested in the second group due to time constraints) comparing the results of those in the first group reported by Crompton et al. \[[@B13-sensors-18-01842]\] with two following groups.](sensors-18-01842-g004){#sensors-18-01842-f004}

![Showing the increase in cps for the different gas flows as a percentage of the air atmosphere results.](sensors-18-01842-g005){#sensors-18-01842-f005}

sensors-18-01842-t001_Table 1

###### 

Table of gases showing flow rates and experiment groups.

  Gas        Symbol           Purity     Approximate Flow Rate mL/min        
  ---------- ---------------- ---------- ------------------------------ ---- ----
  Nitrogen   N~2~             N5.0       65                             65   65
  Xenon      Xe               N5.0       50                             65   65
  P10        10% CH4/90% Ar   ±5%        60                             \-   65
  Krypton    Kr               N5.0       55                             65   65
  Neon       Ne               CP grade   40                             \-   65
  Argon      Ar               N5.0       *-*                            \-   65

sensors-18-01842-t002_Table 2

###### 

Table of gas flow results.

  Gas       Group 1    Group 2   Group 3   Average % Increase
  --------- ---------- --------- --------- --------------------
  N~2~      0.34       0.4716    0.4898    (9.09)
  (3.61)    (14.86)    (8.79)              
  Xe        0.5004     0.8431    0.8541    (82.5)
  (52.47)   (105.32)   (89.71)             
  Ne        0.4131     \-        0.6812    (38.69)
  (25.87)   (51.51)                        
  Kr        0.4045     0.6003    0.6247    (36.08)
  (23.26)   (46.21)    (38.77)             
  P10       0.4339     \-        0.5983    (32.55)
  (32.21)   (32.9)                         
  Ar        \-         \-        0.5865    (30.27)
  (30.27)                                  
